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1.  Cover  Page  (see  above) 

2.  Objectives,  Methodology,  and  Summary  of  Planned  Technical  Approach: 

•  Objective  1: 

o  To  use  metal-insulator-metal  (MIM)  tunnel  junctions  (TJs)  as  surface  plasmon  polariton 
(SPP)  generators  and  detectors  that  are  integrable  into  efficient  plasmonic  circuits  of 
sub-micron  dimensions 

o  To  demonstrate  many  of  the  key  "building  blocks"  that  will  facilitate  the  construction  of 
micron-sized  integrated  plasmonic  circuits 

•  Methodology  (for  Objective  1): 

o  Design  &  demonstrate  nanostructured  MIM  tunnel  junctions  as  efficient  SPP  generators 
(SPGs)  and  light  emitters  with  >  5%  electrical-to-SPP  power  conversion  efficiency  and  > 
1%  electrical-to-optical  power  conversion  efficiency 
o  Design  &  demonstrate  low-loss  (<  10  dB/mm)  SPP  waveguides  (SPWs)  that  are 
compatible  for  excitation  by  TJs  (see  schematic  figure  below) 
o  Demonstrate  high  (>10  %)  coupling  efficiencies  from  optimized  tunnel  junctions  (TJs) 
into  optimized  SPWs 

o  Build  a  simple  plasmonic  circuit  with  at  least  one  internal  Y-branch 


Figure  1:  top  view  and  cross  sectional  view  of  MIM  tunnel  junction 


•  Technical  Approach  (Objective  1): 

o  Fabricate  reliable  and  rugged  TJs  using  thin  films  of  metals  Ml  and  M2  (M2  =  Au  or  Ag) 
and  a  thin  insulating  barrier;  optimize  barrier  material  and  width,  evidenced  by  rugged 
tunnel  junctions  operable  at  voltages  of  over  3  Volts  with  large  current  densities  and 
reproducible  tunneling  characteristics 

o  Nanostructure  one  or  both  electrodes,  initially  randomly  and  subsequently  with  precise 
periodic  nanoscale  gratings  (see  figure  below),  and  study  the  angular  emission  and 
spectral  characteristics  of  light  emission  from  TJs,  particularly  in  the  near-IR  &  mid-IR 
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o  Use  information  learned  in  above-described  experiments  to  create  long-X  SPPs  that 
propagate  away  from  the  TJ  via  transmission  lines  (TLs)  to  distances  d  >  1  mm,  and  are 
observable  via  off-junction  near-IR  and  mid-IR  light  emission  (see  figure  below) 
o  Vary  "d"  while  keeping  all  other  parameters  constant  to  measure  the  attenuation 
coefficient  of  the  specific  SPP  modes  excited. 


Insulator 

(Tunneling  barrier) 


hu  (light) 


Grating 


Insulator 

(Tunneling  barrier) 


^  hu(light) 


Insulator 

(Tunneling  barrier) 


Figure  2:  approaches  to  realize  off-junction  light  emission  by  gratings 
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•  Objective  2: 

o  To  study  the  nonlinear  optical  properties  of  semiconductor  quantum  dots,  and  to 
investigate  interactions  between  semiconductor  quantum  dots  and  noble  metal 
nanoparticles  (and/or  thin  films) 

o  To  explore  the  utility  of  such  interactions  for  novel  applications,  notably  the  use  of 
semiconductor  quantum  dot  and  metallic  nanoparticle  coupled  structures  for  SPW 
"spaser-like"  amplifiers  and  nonlinear  optical  imaging 

•  Technical  Approach  (Objective  2): 

o  Fabricate  monolayers  of  semiconductor  quantum  dots  (QDs)  and  metal  thin 
film/nanocrystals  that  are  separated  by  precisely-controlled  nanometer  "spacer"  Si02 
layers  (see  figure  below) 


Metal  thin  film/nanocrystals  \ 

Glass  slide 

Figure  3:  (a)  schematic  of  the  ayer  by  layer  structures,  (b)  schematic  drawing  of  the  composite 
"molecule"  for  enhanced  fluorescence  in  bio-imaging  applications 

o  Study  plasmon-mediated  linear  and  nonlinear  (TPA)  fluorescence  from  QDs  as  a  function 
of  the  thickness  of  the  spacer  layer  (varied  from  <  5  nm  to  >  25  nm) 
o  Fabricate  metal-semiconductor  composite  structures,  and  repeat  above  studies  with  a 
focus  on  geometries  leading  to  SPP  amplification  and  enhanced-sensitivity  two-photon 
imaging  applications 
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3.  Accomplishments/New  Findings: 

a.  Fabricated  AI-A^Os-Ag  and  AI-AI2O3-AU  TJs  and  studied  l-V  characteristics 

b.  Masks  were  designed  and  fabricated,  incorporating  transmission  lines  (10  mm  <  d  <  100 
mm)  and  nanostructured  gratings  (period  ~  90  nm) 

c.  Fabrication  of  high  reliability  junctions  that  were  rugged  and  reproducible  was  a 
problem,  and  limited  our  ability  to  conduct  reliable  SPP  transmission  and  coupling  (via 
light  emission)  experiments. 

d.  Designed  advanced  nanostructures  that  can  be  fabricated  very  efficiently  with  a  DPN 
lithography  system 

e.  Used  4  nm  CdSe/ZnS  quantum  dots  and  20  nm  thick  Au  films,  excited  by  410  nm  and 
820  nm  radiation  for  linear  and  nonlinear  (TPA)  fluorescence  studies  respectively 

f.  Linear  fluorescence  was  enhanced  at  a  spacer  thickness  of  15  nm,  indicating  that  the  SP- 
induced  ''local  field  enhancement"  dominates  over  electron  tunneling-induced 
quenching  at  these  distances 

g.  Nonlinear  TPA-induced  fluorescence  was  always  quenched  for  the  range  of  spacings  (0 
to  15  nm)  studied,  presumably  because  the  excitation  wavelength  was  far  from  the  Au 
plasmon  frequency,  implying  a  very  weak  interaction  of  the  QD  fluorophores  with  the 
SPs. 

*  Objective  1  Accomplishments: 

o  Fabricated  AI-AI2O3-AU  TJs  and  studied  l-V  characteristics:  IV  curves  of  AI-AI2O3-AU  (Al 
thickness:  90  nm,  AI2O3  thickness:  3.5  nm,  Au  thickness:  25  nm,  junction  area:  2  mm  x  2 
mm)  junctions  showed  excellent  tunneling  characteristics 


0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0 

Voltage  (V) 


Figure  4.  l-V  curves  for  AI-AI2O3-AU  TJs 


o  Have  measured  the  emission  spectrum  of  such  junctions  with  and  without  random 
roughness.  The  random  roughness  was  created  by  depositing  10  nm  diameter  Au 
nanoparticles  on  top  of  the  junction  and  also  by  inserting  a  150  nm  of  MgF2  sublayers 
between  substrate  and  bottom  electrode  of  the  junction. 
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Emission  (a.u.) 


■  Au  nanoparticles  (10  nm  diameter)  were  deposited  on  the  junction  by  drop 
casting  of  Au  nanoparticle  solution  (with  a  concentration  of  5.7xlO^VnnL  in 
water)  on  the  junction  and  drying  naturally. 

■  MgF2  (thickness  of  150  nm)  were  deposited  on  the  glass  substrate  by  dielectric 
evaporator,  which  has  an  rms  roughness  of  20  nm  statistically.  Such  roughness 
was  transferred  to  the  top  of  the  junction  if  very  thin  layer  of  Au  and  Al  films 
were  deposited. 

■  We  have  observed  a  blue  shift  of  the  spectrum  of  the  junctions  with  Au  NPs.  The 
emission  intensity  drop  was  presumably  caused  by  water  infiltration  into  the 
oxide  layer  and  increasing  the  thickness  of  oxide,  which  was  also  verified  by  the 
drop  of  current  at  the  same  time. 

■  Junctions  with  MgF2  layer  have  much  stronger  emission  than  those  without,  as 
shown  in  figure  below. 


Figure  5:  emission  spectrum  from  junctions  with  random  roughness,  which  were  created  by:  (a)  Au 

nanoparticles  and  (b)  MgF2  layer 

■  Longer  wavelength  plasmons  were  generated  with  high  bias,  see  figure  6  below; 
We  attributed  this  long  wavelength  emission  to  the  change  of  junction  surface, 
see  Figure  7 

■  When  bias  was  increased  from  4.0  V  to  4.1  V,  a  much  stronger  peak  (centered  at 
~  800  nm  with  full  width  at  half  maximum  of  ~  120  nm)  was  observed. 

o  Besides  above  randomly  roughed  tunnel  junction,  highly  periodic  structures  have  also 
been  tried,  collaborating  with  Dr.  Brinker  in  Sandia  labs.  A  monolayer  of  well  structured 
Au  nanoparticle  (5.6  nm  in  diameter)  was  put  on  the  top  of  the  junction.  (The 
fabrication  details  of  the  Au  NP  thin  film  were  similar  to  those  of  Pang  et  al,  ''Free- 
Standing,  Patternable  Nanoparticle/Polymer  Monolayer  Arrays  Formed  by  Evaporation 
Induced  Self-Assembly  at  a  Fluid  Interface",  JACS  Comm.,  130,  p3284  (2008)).  Efficient 
luminescent  emission  was  observed  with  such  well  -patterned  films. 
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Figure  6:  Longer  wavelength  emission  from  tunnel  junctions  with  higher  bias 


Figure  7:  Images  of  junction  surface  (a)  before  and  (b)  after  spectral  measurement 

■  Longer  wavelength  plasmons  have  much  smaller  propagation  losses.  Such  a 
demonstration  shows  the  possibility  of  using  longer  wavelength  plasmons  in  the 
design  of  the  transmission  line  and  makes  future  integrated  SPP  circuits  -  based 
on  on-chip  electrical  excitation  much  more  realistic, 
o  Masks  were  designed  and  fabricated,  incorporating  transmission  lines  (10  mm  <  d  <  100 
mm)  and  nanostructured  gratings  (period  ~  90  nm) 
o  Designed  advanced  nanostructures  that  can  be  fabricated  very  efficiently  with  a  DPN 
lithography  system 
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Figure  8:  schematic  drawing  of  the  elevated  reflector  design  for  efficient  collection  of  SPs. 

*  Findings  and  Future  Recommendations  (Objective  1): 

o  Fabricate  more  rugged  and  reliable  TJs  by  using  combinations  of  in  situ  native  oxide 
growth  and  sputter  deposition  of  insulating  barriers 
o  Model  and  develop  improved  device  designs  that: 

■  incorporate  advanced  techniques  for  re-direction  (focusing)  of  SPP  energy  to  the 
node  between  TJ  and  TL, 

■  optimize  SPP  coupling  from  TJ  structure  to  TL  structure, 

■  use  long-?^  fast  mode  SPP's  to  ensure  low-loss  SPP  propagation  on  TL,  and 

■  achieve  high-efficiency  coupling  of  SPP's  from  TL  to  light  (via  optimization  of 
nanostructured  gratings) 

■  fabricate  such  structures  with  a  dip-pen  lithography  (DPN)  system 


*  Objective  2  Accomplishments: 

o  Fabrication  of  high  quality  Au  NP  thin  films 

■  Commercially  available  Au  NPs  are  usually  available  in  aqueous  colloidal 
solutions,  which  are  harder  to  use  to  form  a  high  quality  gold  thin  film  via 
conventional  methods,  like  spin  coating 

■  We  developed  a  procedure  to  fabricate  high  quality  Au  NP  thin  films  with  a 
much  easier  process  and  less  contamination  from  other  chemicals. 

■  Scanning  electron  microscope  images  of  such  films  are  shown  in  Figure  9  below. 
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Figure  9:  SEM  images  of  50  nm  diameter  Au  NP  thin  films  that  were  deposited  on  glass  slide 


o  Used  4  nm  CdSe/ZnS  quantum  dots  and  such  fabricated  Au  NP  films,  excited  by  400  nm 
radiation  for  linear  fluorescence  study.  And  the  spacer  layer  is  about  15  nm.  Linear 
fluorescence  was  enhanced,  indicating  that  the  QDs  radiate  more  efficiently  because  the 
SP-induced  ''local  field  enhancement"  dominates  over  electron  tunneling-induced 
quenching  at  these  distances  (see  Figure  10  below). 


Figure  10:  (a)  linear  fluorescence  enhancement  of  semiconductor  quantum  dots  by  50  nm 
Au  NPs,  (b)  Schematic  of  the  fluorescence  lifetime  measurement  setup:  1:  20  W  argon  laser, 
2:  mode-locked  Ti:sapphire  laser,  3:  second-harmonic  generation,  4:  acoustic  optical 
modulator,  5:  sample,  6:  focusing  lens,  7:  /z-meter  monochromator,  8:  photon  multiplier 
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o  Fluorescence  lifetinnes  were  nrieasured  on  QD  samples  with  and  without  the  Au  NPs.  A 
schematic  of  the  setup  is  shown  in  figure  8.  Preliminary  results  showed  a  lifetime 
increase  of  over  10  ns  of  the  fluorescence  from  QDs  on  Au  NPs. 
o  Used  4  nm  CdSe/ZnS  quantum  dots  and  20  nm  thick  Au  films,  excited  by  820  nm 
radiation  for  the  nonlinear  (TPA)  fluorescence  study.  Nonlinear  TPA-induced 
fluorescence  was  always  quenched  for  the  range  of  spacings  (0  to  15  nm)  studied, 
presumably  because  the  excitation  wavelength  is  far  from  the  Au  plasmon  frequency, 
implying  a  very  weak  interaction  of  the  QD  fluorophores  with  the  SPs,  see  Figure  11. 
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Figure  11:  Quenching  of  nonlinear  fluorescence  by  20  nm  thick  Au  thin  film 
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Relevance  and  Potential  Applications  of  Research  to  AF  &  Civilian  Technology  Needs: 


•  Objective  1:  This  research  may  result  in  the  first  practical  demonstration  of  an  on-chip  all- 
electronic  SPP  generator.  Such  a  device  would  potentially  change  the  field  of  plasmonics 
radically,  enabling  integrated  plasmonic  circuits,  such  that  the  entire  sensor  or  info  processing 
circuit  may  have  overall  dimensions  of  <  1  micron  (enabling  fabrication  of  a  complete  sensor 
system  -  consisting  of  multivariate  arrays  -  in  sub-mm  sized  packages) 

•  Objective  2:  A  clear  understanding  of  coupled  interactions  between  metal  nanoparticles  and 
semiconductor  quantum  dots  will  enable  the  design  and  fabrication  of  optimized  composite 
structures  for  "spaser"-  type  SPP  amplifiers  and  high-sensitivity  nonlinear  imaging  applications 

5.  Personnel: 

Faculty:  R.  K.  Jain 

Students:  Melissa  Aillaud,  Jiayu  Chen,  Damian  Ankuciwiecz,  William  Zortman,  Li  Wang 
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a.  L.  Wang,  D.  Ankuciwiez,  J.  Chen,  and  R.  K.  Jain,  "Surface-Plasmon  Enhanced 
Fluorescence  in  CdSe/ZnS  Semiconductor  Quantum  Dots,"  in  Proceedings  of  Conference 
on  Lasers  and  Electro-Optics/International  Quantum  Electronics  Conference,  2009, 
Paper  CTuQ7;  see  Appendix  B  beiow. 

b.  L.  Wang,  D.  Ankuciwiez,  J.  Chen,  and  R.  K.  Jain,  "Enhancement  of  Two-Photon 
Absorption-Induced  Florescence  in  Semiconductor  Quantum  Dots  by  Gold 
Nanoparticles,"  in  Proceedings  of  Nonlinear  Optics:  Materials,  Fundamentals  and 
Applications,  Optical  Society  of  America,  2009,  Paper  NME4. 

c.  L.  Wang  and  R.  K.  Jain,  "Optimization  of  TPA-Induced  Fluorescence  from  Ultrasmall  (<  2 
nm)  Semiconductor  Quantum  Dots  Used  for  Deep  Tissue  Imaging,"  in  Proceedings  of 
Nonlinear  Optics:  Materials,  Fundamentals  and  Applications,  Optical  Society  of  America, 
2009,  Paper  NFB3. 

d.  L.  Wang  and  R.  K.  Jain,  "Maximization  of  nonlinear  fluorescence  from  ultrasmall  (<  2  nm) 
semiconductor  quantum  dots  to  be  used  for  deep  tissue  imaging,"  J.  Opt.  Soc.  Am.  B  26, 
2161-2166  (2009);  see  Appendix  A  beiow. 

e.  J.  Y.  Chen,  D.  Ancukiewicz,  L.  Wang,  and  R.  K.  Jain,  "Near-IR  Emission  from  Metal- 
Insulator-Metal  Tunnel  Junctions  Based  on  Surface  Plasmon  Interactions,"  in  Conference 
on  Lasers  and  Electro-Optics  (CLEO),  Paper  JTuD90;  see  Appendix  F  below. 

f.  J.  Y.  Chen,  D.  Ancukiewicz,  L.  Wang,  and  R.  K.  Jain,  "Surface  Plasmon  Assisted  Broadband 
Emission  from  Nanostructured  Metal-lnsulator-Metal  Tunnel  Junctions,"  in  Integrated 
Photonics  and  Nanophotonics  Research  and  Applications  (IPNRA),  Optical  Soc.  of 
America,  2009,  Paper  IME5;  see  Appendix  C  below. 
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7.  Interactions/Translations:  None  to  date 

8.  New  Discoveries,  Inventions,  or  Patent  Disclosures:  None 

9.  Honors/Awards:  Lifetime  Achievement  Honors  (R.K.  Jain):  Fellow,  OSA;  Fellow,  SPIE; 
Fellow,  lEEE-LEOS;  Harold  Edgerton  Award,  SPIE. 

10.  Appendices:  The  following  Appendices  are  preprints/reprints  of  a  representative  set  of 
publications  cited  in  Section  6  above. 
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Appendix  A  :  Maximization  of  nonlinear  fluorescence  from 
ultrasmall  (<  2  nm)  semiconductor  quantum  dots  to  be  used 

for  deep  tissue  imaging 

L.  Wang  and  R.  K.  Jain* 

Center  for  High  Technology  Materials,  University  of  New  Mexico, 

1313  Goddard  St  SE,  Albuquerque,  NM  87106,  USA 
Corresponding  author:  jain(qlchtm.unm.edu 

Abstract:  We  propose  the  use  of  ultrasmall  semieonduetor  quantum  dots  (USQDs)  for  speeialized 
bio-imaging  applieations,  and  diseuss  methods  for  enhaneing  fluoreseent  signals  from  USQDs  to 
be  used  for  two-photon  absorption  based  deep  tissue  imaging.  In  partieular,  we  report  optimizing 
the  exeitation  wavelength  for  two-photon  absorption-indueed  fluoreseenee  (TPAF)  in  CdSe/ZnS 
SQDs  and  demonstrate  a  68-fold  enhaneement  in  the  fluoreseenee  signal  when  the  TPAF 
exeitation  wavelength  is  ehanged  from  900  nm  to  780  nm. 

©2009  Optical  Society  of  America 

OCIS  codes:  (170.3880)  Medical  and  biological  imaging;  (190.0190)  Nonlinear  optics 
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1.  Background  and  Need 

Multiphoton  absorption,  particularly  two-photon  absorption  (TP A),  followed  by  fluorescence,  has  been  identified  as 
a  useful  technique  for  deep  tissue  imaging  [1-3]  for  the  study  of  several  biological  and  biomedical  processes,  such  as 
optical  biopsy  of  in  vivo  human  skin  [2],  angiography  [4],  embryonic  development  in  hamsters  [5],  intravital 
measurement  of  gene  expression  in  mice  tumors  [6],  and  intravital  studies  of  mouse  and  rat  brains  [7,  8]  and  kidneys 
[9].  The  advantages  of  two-photon  absorption-induced  fluorescence  (TP AT)  imaging  stem  not  only  from  the  larger 
depths  of  penetration  [10,  11]  that  are  obtainable  at  the  longer  wavelengths  inevitably  used  for  excitation,  but  also 
from  the  ease  of  filtering  the  near-IR  TP  AT  excitation  from  the  visible  or  near-UV  fluorescence  emission,  and  the 
higher  spatial  resolutions  inherent  in  multiphoton  microscopy  [12]. 

For  tissue  specimens  in  which  the  use  of  labeling  is  necessary,  the  use  of  semiconductor  quantum  dots  (SQDs) 
as  biological  labels  [13,  14]  -  in  comparison  with  fluorescent  dyes  [15]  -  is  particularly  desirable  because  of  (i)  their 
photochemical  stability  [16],  (ii)  their  ability  to  be  tuned  over  broad  wavelength  ranges  [17],  and  (iii)  their 
amenability  to  bio-conjugation  [18-22].  Several  researchers  [4,  23,  24]  have  also  demonstrated  that  SQDs  exhibit 
very  large  TP  A  coefficients,  particularly  in  comparison  to  those  of  dyes  used  for  TPAF-based  imaging.  In  most 
previous  studies  using  SQDs  for  TPAF  imaging  of  biological  tissues  [4,  25],  relatively  large  SQDs  (diameter  d  >  5 
nm)  have  been  used  because  their  TPA  coefficients  are  much  larger  those  of  smaller  SQDs  of  the  same  material 
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composition  [24].  In  particular,  Larson  et  al  [4]  have  demonstrated  that  the  two-photon  “aetion  eross-seetions” 
(produet  of  the  TPA  eross  seetion  and  the  fluoreseenee  quantum  effieieneies)  of  CdSe/ZnS  SQDs  are  over  3  orders 
of  magnitude  higher  than  those  of  eonventional  dye -based  fluoreseent  probes  (sueh  as  fluoreseein  isothioeyanate 
(FITC)-dextran),  with  measured  values  as  high  as  47,000  Goeppert  -Mayer  (GM)  units.  These  authors  also 
demonstrated  visualization  of  eapillaries  hundreds  of  mierometers  deep  through  the  skin  of  living  miee  with  sueh 
SQD-based  TPAF  probes. 

In  addition,  even  though  most  of  the  studies  of  bio-imaging  based  on  quantum  dot  labels  have  used  relatively 
large  SQDs  (d  >  5  nm)  [4,  14,  25-31],  there  are  numerous  biologieal  imaging  studies  in  whieh  the  use  of  mueh 
smaller  SQDs  is  eritieal.  These  inelude  deep-tissue  wavelength-multiplexed  multieolor  imaging  [28,  31]  in  whieh 
smaller  SQDs  of  the  same  material  lead  to  fluoreseenee  at  shorter  wavelengths  (“bluer”)  and  applieations  involving 
intra-nuelear  studies  of  eells  [26,  27,  29,  30]  in  which  much  smaller  SQDs  are  critical  for  effective  penetration  of  the 
sub- 10  nm  nuclear  pores  [30]. 

2.  Proposed  Solution  and  Summary  of  Results 

Unfortunately,  smaller  SQDs  usually  lead  to  weaker  TPAF  signals  (beeause  of  their  smaller  TPA  eoeffieients).  It  is 
thus  critical  to  maximize  the  output  signals  from  smaller  SQDs  for  their  effective  use  in  biological  imaging 
applications.  This  ean  be  done  by:  (a)  using  semieonduetor  materials  with  relatively  high  intrinsie  quantum 
effieieneies,  (b)  optimizing  the  size  of  sueh  quantum  dots  to  obtain  emission  wavelengths  that  eoineide  with  the 
presenee  of  effieient  photomultiplier  or  photodeteetor  systems,  (e)  enhaneing  the  TPAF  signals  via  use  of 
appropriate  methods  of  plasmonie  enhaneement,  sueh  as  that  enabled  by  appropriately-designed  SQD-gold 
nanopartiele  assemblies  [32],  and  (d)  optimizing  the  choice  of  the  excitation  wavelengths  for  SQDs  chosen  in 
accordance  with  the  first  two  factors.  Even  though  the  first  two  faetors  have  been  studied  eonsiderably  in  previous 
studies  of  linear  fluoreseenee  and  TPAF  from  SQDs,  the  last  two  —  namely  the  issue  of  optimization  of  the 
exeitation  wavelength  and  that  of  plasmonie  enhaneement  —  have  not  been  explored  adequately,  partieularly  for  the 
use  of  small  or  ultrasmall  SQDs  for  biologieal  imaging  applieations.  Based  on  these  faetors  and  available  data  on 
SQD  emission  wavelengths  and  effieieneies,  we  propose  the  use  of  ultrasmall  (<  2  nm)  CdSe/ZnS  SQDs  for  the 
speeialized  (intra-nuelear  and  multieolor)  biomedieal  imaging  applieations  mentioned  above,  and  describe  a 
detailed  study  on  the  excitation  wavelength  dependence  of  the  fluorescence  emission  from  such  ultrasmall  (<  2  nm) 
semiconductor  quantum  dots  (USQDs)  at  room  temperature,  which  is  particularly  relevant  to  the  biomedical 
imaging  applications  of  interest.  In  partieular,  in  this  paper,  we  demonstrate  strong  resonant  enhaneement  of  the 
TPAF  signal  for  2  nm  CdSe/ZnS  USQDs  at  wavelengths  and  intensities  that  are  readily  aehievable  from  relatively 
standard  eommereial  Ti-sapphire  laser  systems;  at  a  “nominal”  intensity  of  8  GW/em^,  the  TPAF  signals  at 
exeitation  wavelengths  near  780  nm  were  observed  to  be  ~  8  times  larger  than  those  at  850  nm  and  ~  68  times  larger 
than  those  at  900  nm,  indicating  that  this  USQD  system  appears  highly  relevant  for  use  in  future  biological  imaging 
studies,  particularly  for  multicolor  imaging  and  nuclear  penetration  studies  (such  as  those  utilized  for  studies  of  cell 
apoptosis). 

3.  Experimental  Setup  and  Related  Details 

A  mode-loeked  Ti-sapphire  laser  of  200  fs  pulsewidth  and  76  MHz  repetition  rate  was  used  as  the  exeitation  souree 
to  eharaeterize  the  TPAF  signals.  As  shown  in  Fig.  1,  a  eoneave  mirror  of  10  em  foeal  length  was  used  to  foeus  the  2 
mm  diameter  laser  beam  to  a  spot  size  of  80  jim  into  a  eolloidal  USQD  suspension  (“sample”)  plaeed  in  a  euvette  of 
2  mm  pathlength. 
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Fig.  1.  Experimental  setup  used  to  characterize  TPAF  signals  from  CdSe/ZnS  USQDs. 


Standard  lock-in  detection  techniques  were  used  to  measure  the  TPAF  signals  colleeted  by  a  photomultiplier 
tube  (PMT)  at  the  exit  port  of  a  half-meter  monoehromator  with  a  slit  width  of  2  mm,  eorresponding  to  a  spectral 
resolution  of  ~  3  nm.  For  this  study,  we  used  CdSe/ZnS  (core/shell)  USQDs  of  core  diameter  d  ~  2  nm  in  toluene, 
with  a  specified  size  variation  of  less  than  5%;  the  total  physical  diameter  of  the  USQDs  is  ~  3.2  nm  when  ZnS  shell 
are  also  taken  into  aecount  [33]. 

4.  Results  and  Discussion 

In  order  to  interpret  the  TPAF  data  (taken  with  the  experimental  setup  of  Fig.  1)  aecurately,  it  is  important  to 
eharaeterize  the  USQD  samples  in  terms  of  their  “baseline”  linear  optical  and  physical  properties.  The  single  photon 
absorption  speetrum  of  these  USQDs  is  shown  in  Fig.  2(a),  with  a  peak  at  ~  460  nm  and  a  full  width  at  half 
maximum  (FWHM)  of  ~  40  nm.  Also  as  seen  in  Fig.  2(a),  the  linear  fluorescenee  spectrum  exhibits  a  peak  emission 
wavelength  of  ~  496  nm  and  a  FWHM  of  ~  30  nm.  This  emission  speetrum  was  obtained  by  using  either  a  325  nm 
He-Cd  laser  or  the  second  harmonic  generation  of  our  mode-loeked  Ti-sapphire  laser  as  the  exeitation  source,  and 
no  significant  difference  was  noted  in  the  emission  spectra  for  these  two  exeitation  sources.  The  peak  loeations  of 
these  spectra  are  consistent  with  those  expeeted  [33]  from  CdSe  SQDs  with  a  eore  diameter  of  2  nm,  and  the 
FWHMs  of  these  spectra  confirm  a  size  variation  of  less  than  5%  and  the  absence  of  aggregation  [34]  in  these 
USQD  samples.  It  is  useful  to  note  that  no  signifieant  ehanges  in  the  spectra  —  nor  any  other  sign  of  aggregation  — 
was  noted  even  after  these  USQD  samples  were  stored  in  the  lab  at  room  temperature  for  over  a  month. 

We  also  examined  these  USQD  samples  with  a  transmission  electron  microscope  (TEM).  A  typical  TEM  image 
is  shown  in  Fig.  2(b);  in  this  image,  the  darker  spots  correspond  to  individual  SQDs.  Because  of  the  laek  of 
suffieient  resolution  and  the  low  eontrast  in  these  TEM  images  (typieal  with  CdSe/ZnS  SQDs),  it  was  difficult  to 
accurately  resolve  the  exact  size  of  our  SQDs.  Nevertheless,  it  is  easy  to  estimate  an  upper  limit  of  about  4  nm  for 
the  “partieles”  (darker  dots)  seen  more  predominantly  in  the  lower  right  quadrant  of  these  TEM  images,  and  to 
confirm  the  general  lack  of  aggregation  of  these  partieles.  Note  that  the  “sub-nm”  type  of  finer  grain  strueture  seen 
in  this  TEM  image  is  an  artifact  of  the  imaging  setup.  The  faet  that  the  darker  dots  were  not  artifaets  of  our  TEM 
imaging  setup,  and  eorresponded  to  the  antieipated  quantum  dots  was  verified  with  an  XRD  analysis;  the  data  from 
this  analysis  eonfirmed  the  existenee  of  all  the  anticipated  elemental  eompounds  (Cd,  Se,  Zn,  S). 
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Fig.  2.  (a)  Linear  absorption  (peak  at  460  nm  and  FWHM  of  40  nm)  and  fluorescence  (peak  at  ~  496  nm  and  FWHM  of  30 
nm)  spectra  of  2  nm  CdSe/ZnS  USQDs.  The  absorbance  corresponds  to  a  2  mm  path  length  solution  at  a  concentration  of 
1.4  mg/ml;  (b)  a  typical  TEM  image  of  the  CdSe/ZnS  USQDs  used  in  this  study.  The  darker  dots  that  are  predominantly  in 
the  lower  left  hand  area  (below  the  NE  to  SW  diagonal)  are  the  CdSe  SQDs,  whereas  the  finer  “sub-nm”  type  of  graininess 
in  the  image  is  due  to  an  artifact  of  the  TEM  imaging  setup. 


Note  that  the  emission  speetra  from  the  ZnS  shell  (peak  wavelength  >  335  nm)  and  the  eapping  layer  are  both 
loeated  at  wavelengths  far  from  the  emission  speetra  of  the  CdSe  USQDs.  Nevertheless,  in  order  to  eonfirm  that  the 
ZnS  and  eapping  layers  provide  negligible  amounts  of  eontribution  to  the  CdSe  USQD  emission  speetrum  of  Fig. 
2(a),  we  studied  the  emission  speetra  from  a  range  of  CdSe/ZnS  SQD  samples  eontaining  dots  of  varying  sizes,  as 
shown  in  Fig.  3  below.  Any  emission  from  the  ZnS  shell  and  eapping  layers  would  show  up  as  an  extraneous 
“eommon”  feature  in  eaeh  of  these  speetra;  the  laek  of  any  sueh  eommon  emission  speetrum  eonfirms  the  absenee  of 
any  interfering  emission  from  the  ZnS  shell  and  the  eapping  layers  in  this  speetral  region. 


Fig.  3.  Linear  fluorescence  from  four  different  CdSe/ZnS  SQD  colloidal  samples,  corresponding  to  SQDs  of  distinct 
average  sizes  varying  from  2  nm  to  3.4  nm 


We  next  used  the  experimental  setup  of  Fig.  1  to  measure  TPAF  speetra  for  several  distinet  exeitation 
wavelengths  in  the  750  nm  to  950  nm  range  while  keeping  the  exeitation  intensity  eonstant  (~  8  GW/em^).  Six 
representative  speetra  in  the  810  nm  to  860  nm  range  are  shown  in  Fig.  4.  The  speetral  shapes  and  the  peak 
wavelengths  of  the  TPAF  emission  speetra  were  very  similar  to  those  observed  with  single  photon  exeitation,  and 
showed  a  negligible  ehange  (<  5%)  as  a  funetion  of  the  exeitation  wavelength. 
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Fig.  4.  TPAF  spectra  for  several  distinct  excitation  wavelengths  in  the  810  nm  -  860  nm  range,  using  a  constant  excitation 
intensity  of  8  GW/cm^.  The  vertical  axis  corresponds  to  the  signals  obtained  with  the  lock-in  amplifier  when  the  PMT  is 
located  at  the  exit  of  the  monochromator. 


In  order  to  verify  that  the  observed  fluoreseenee  emission  was  eaused  by  a  two-photon  absorption  proeess,  we 
measured  the  dependenee  of  the  fluoreseenee  power  on  the  exeitation  intensity  (Fig.  5).  This  was  done  by  removing 
the  monoehromator  and  measuring  the  power  in  the  entire  speetrum  (“area  under  the  eurve”)  at  the  photomultiplier, 
while  introdueing  a  short-pass  optieal  filter  (Sehott  BG  39)  to  bloek  any  eontributions  to  the  PMT  signal  from  any 
stray  seattered  light  from  the  Ti-sapphire  laser.  Log-log  plots  of  the  fluoreseenee  power  (“TPAF  signal”)  as  a 
funetion  of  the  exeitation  intensity  are  shown  in  Fig.  5  for  two  representative  wavelengths,  810  nm  (dots)  and  930 
nm  (triangles).  The  slopes  of  the  fitting  lines  (dashed  for  810  nm  and  solid  for  930  nm)  are  2.0  (+/-0.15)  and  1.9  (+/- 
0.15),  eonfirming  that  the  measured  fluoreseenee  emission  was  eaused  by  a  TPA  proeess. 


Fig.  5.  Power  in  the  TPA-induced  fluorescence  as  a  function  of  the  excitation  intensity  for  excitation  at  810  nm  and  930  nm 
respectively.  The  vertical  axis  corresponds  to  the  lock-in  amplifier  signal  when  the  entire  fluorescence  spectrum  (no 
monochromator)  is  focused  on  the  PMT,  and  a  value  of  12  on  the  horizontal  axis  corresponds  to  an  intensity  of  ~  8 
GW/cml 

We  next  measured  the  “integrated”  (over  the  entire  emission  speetrum)  optieal  power  in  the  TPAF  emission  as  a 
funetion  of  the  exeitation  wavelength  while  keeping  the  exeitation  intensity  at  eaeh  exeitation  wavelength  eonstant 
(at  8  GW/em^).  Fig.  6  shows  the  result  of  sueh  measurements  for  two  different  SQD  eoneentrations  (1.4  mg/mL  and 
0.4  mg/mL  of  CdSe).  These  plots  depiet  strong  resonant  enhaneement  in  the  TPAF  signals  at  exeitation  wavelengths 
elose  to  780  nm;  for  the  more  eoneentrated  sample,  the  TPAF  signal  at  780  nm  is  ~  8  times  that  at  850  nm  and  ~  68 
times  that  at  900  nm.  Note  that  when  the  experiment  was 
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Fig.  6.  The  wavelength  dependence  of  the  TPA-induced  fluorescence  outputs  for  the  2  nm  CdSe/ZnS  USQDs  at  two 
different  concentrations  (1.4  mg/mL:  blue  triangles;  0.4  mg/mL:  red  squares). 


repeated  with  just  the  solvent  (without  any  SQDs  therein),  there  was  no  measurable  fluoreseenee,  indieating  that 
there  was  no  “baekground”  fluoreseenee  attributable  to  the  solvent,  and  the  measured  TPAF  signals  are  entirely  due 
to  the  USQDs  themselves.  Note  also  that  although  lower  USQD  eoneentrations  may  be  preferred  for  some  biologieal 
studies,  the  higher  eoneentration  (1.4  mg/ml)  is  within  the  range  of  eoneentrations  that  may  be  usable  for  several 
biologieal  imaging  experiments.  Nevertheless,  these  experiments  clearly  illustrate  that  with  these  USQDs  for 
TPAF-based  deep-tissue  imaging,  the  use  of  an  excitation  wavelength  of  780  nm  is  optimal,  with  signal 
enhancements  as  much  as  68  times  over  those  obtained  at  an  excitation  wavelength  of  900  nm.  Note  also  that 
most  tissue  of  interest  is  highly  transparent  at  780  nm,  and  that  this  wavelength  is  still  eondueive  to  high-resolution 
deep-tissue  imaging. 

It  is  interesting  to  note  that  the  exeitation  wavelength  at  the  TPAF  peak  is  not  exaetly  twiee  of  the  peak 
wavelength  for  linear  absorption:  the  TPAF  peak  is  observed  to  oeeur  at  about  780  nm,  whieh  is  shorter  than  that 
expeeted  based  on  the  peak  wavelength  (~  460  nm)  of  the  linear  absorption.  Sueh  a  wavelength  differenee  ean  be 
aeeounted  for  by  eonsidering  the  role  of  different  transitions  and  seleetion  rules  assoeiated  with  single  photon 
absorption  and  TPA.  It  is  well  known  that  the  seleetion  rules  are  different  for  single  photon  absorption  and  TPA  in 
semieonduetor  interband  transitions  [35]:  single  photon  transitions  satisfy  AL  =  0,  ±2  and  AF  =  0,  ±1  and  two- 
photon  transitions  satisfy  AL  =  ±1,  ±3  and  AF  =  0,  ±1,  ±2  (where  F  is  the  total  angular  momentum).  Although  sueh 
seleetion  rules  are  not  strietly  followed  in  USQDs  beeause  of  band-mixing  effeets,  the  magnitude  of  the  eross 
seetions  might  still  differ  signifieantly,  i.e.,  TPA  transitions  with  AL  =  ±1,  ±3  and  AF  =  0,  ±1,  ±2  have  mueh  larger 
eross  seetions  than  those  with  AL  =  0,  ±2  and  AF  =  0,  ±1  [36]. 
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Fig.  7.  Schematic  of  the  electronic  energy  levels  for  CdSe/ZnS  quantum  dots  of  2  nm  diameter,  (see  ref  [37]  for  details) 


To  identify  the  energy  levels  inside  this  partieular  USQD  system  (Xabs  =  460  nm),  an  8-band  Pidgeon  &  Brown 
model  was  employed  to  ealeulate  the  energy  levels  positions  [37].  Fig.  7  sehematieally  shows  the  lowest  two  levels 
in  the  eonduetion  and  valenee  bands.  The  bandgap  of  bulk  semieonduetor  CdSe  is  1.8  eV,  with  the  dashed  blue  and 
the  dotted  red  lines  indieating  the  bottom  of  the  eonduetion  band  and  the  top  of  the  valenee  band,  respeetively.  The 
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two  hole  energy  levels  elosest  to  the  band  edge  are  IS3/2  (0.145  eV  below  the  band  edge)  and  IP3/2  (0.2  eV  below  the 
band  edge),  and  the  two  eleetron  energy  levels  elosest  to  the  band  edge  are  ISg  (0.727  eV  above  the  band  edge)  and 
IPe  (1.25  eV  above  the  band  edge),  respeetively.  Thus  the  transition  IS3/2  ^  ISg  gives  the  lowest  single  photon  peak 
absorption  energy  (2.672  eV  or  464  nm),  whieh  matehes  our  experimental  data  (460  nm:  peak  absorption 
wavelength  for  single  photon  exeitation)  quite  well,  while  the  transition  IS3/2  ^  IPe  corresponds  to  a  TPA  photon 
energy  (3.195  eV  or  776  nm  for  TPA)  that  also  matches  our  experimental  data  (780  nm  wavelength  of  the  TPA 
peak)  well. 

One  potential  problem  of  using  USQDs  in  biomedical  imaging  applications  is  that  the  emission  spectrum  may 
be  too  close  to  or  may  even  overlap  with  that  of  auto  fluorescence  in  tissues.  Fortunately,  the  TPAF  signals  from 
SQDs  are  much  stronger  than  the  TPA  signals  from  autofluorescence  in  tissues.  The  TPA  cross  sections  of  SQDs 
can  be  as  high  as  47,000  GM  units  [4],  and  the  TPA  cross  sections  estimated  for  our  USQDs  are  ~  7,000  GM  units 
based  on  an  open  aperture  z-scan  measurement,  while  the  TPA  cross  sections  for  autofluorescence  in  tissues  are 
only  of  the  order  of  a  few  GM  [38]. 

5.  Summary  and  Future  Plans 

We  have  proposed  the  use  of  USQDs  for  various  deep-tissue  biological  imaging  applications,  notably  wavelength- 
multiplexed  multicolor  imaging  and  intra-nuclear  studies  such  as  those  involving  cell  apoptosis,  and  have  studied 
the  issue  of  maximizing  TPAF  signals  from  CdSe/ZnS  USQDs  to  be  used  for  this  application.  In  particular,  using  2 
nm  USQDs,  we  have  shown  that  the  TPAF  signal  at  780  nm  is  ~  8  times  that  at  850  nm  and  68  times  that  at  900  nm, 
two  wavelengths  that  have  been  used  in  previous  studies  using  CdSe/ZnS  SQDs  for  deep-tissue  imaging  of 
biological  studies  via  TPAF  [4]. 

We  plan  to  extend  these  studies  in  the  near  future  to  the  assessment  of  cell  apoptosis  in  the  cortex  of  mice 
kidneys,  since  these  organs  are  near-standard  “baseline”  subjects  for  cell  apoptosis  studies  via  other  methods  [9]. 
Although  large  fluorescence  signals  are  expected  from  larger  SQDs,  their  limited  ability  for  nuclear  penetration  is 
expected  to  hamper  the  type  of  data  that  is  critically  needed  for  cell  apoptosis  studies.  We  have  started  experiments 
on  the  permeation  of  USQDs  into  cell  nuclei  and  other  tissues;  once  this  has  been  achieved,  we  will  compare  results 
obtained  by  TPAF  using  traditional  dyes  and  SQDs  with  the  results  obtained  by  USQDs.  The  signals  anticipated  for 
the  USQDs  proposed  here  are  expected  to  be  several  orders  of  magnitude  stronger  than  those  obtainable  from  the 
most  efficient  dyes  (DAPI  [39]  and  propidium  iodide  [40])  relevant  for  TPAF  studies  in  this  wavelength  range  [41]. 
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Appendix  B:  Surface-Plasmon  Enhanced  Fluorescence  in 
CdSe/ZnS  Semiconductor  Quantum  Dots 
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Abstract:  We  report  surfaee-plasmon  enhaneed  fluoreseenee  in  CdSe/ZnS  semieonduetor 
quantum  dots  via  linear  and  nonlinear  exeitations.  2x  and  lOx  fluoreseenee  enhaneements  have 
been  aehieved  for  linear  and  nonlinear  exeitations,  respeetively. 

©2009  Optical  Society  of  America 

OCIS  codes:  (170.6280)  Spectroscopy,  fluorescence  and  luminescence;  (240.6680)  Surface  plasmons 


Surface  plasmons  (SPs)  are  quantizations  of  oscillations  in  the  electric  field  and  charge  distribution. 
Excitation  of  surface  plasmons  within  metal  nanoparticles  (dimension  of  5  -  1 00  nm)  can  create  strong  local  optical 
fields.  Surface-enhanced  Raman  scattering  (SERS)  has  used  such  strong  fields  to  achieve  fluorescence  enhancement 
factor  over  10^^  in  organic  molecules.  Semiconductor  quantum  dots  (SQDs)  exhibit  significant  advantages  over 
fluorescence  dyes  due  to  their:  (a)  broader  absorption  spectra  and  more  readily  tunable  emission  options  (b)  higher 
quantum  yields,  and  (c)  higher  photochemical  stability.  However,  the  interactions  between  SPs  and  SQDs  are  still 
relatively  poorly  understood.  Experiments-to-date  give  contradictory  results  on  detailed  issues  that  affect 
fluorescence  enhancements  [1,  2].  Detailed  parametric  studies  of  linear  (excitation  photon  energy  >  bandgap  of 
SQDs)  and  nonlinear  (excitation  photon  energy  <  bandgap  of  SQDs)  fluorescence  enhancements  in  SQDs  are 
srongly  needed. 

Nonlinear  fluorescence  (such  as  two-photon  absorption-induced)  has  been  identified  as  a  useful  technique 
for  bio-imaging  (mediated  by  fluorescence  signatures)  for  the  study  of  several  biological  processes,  such  as 
angiography  and  optical  biopsy  [3]  of  in  vivo  human  skin  [4].  Enhanced  nonlinear  fluorescence  will  greatly  benefit 
such  bio-imaging  applications  if  SQDs  and  metal  nanoparticles  are  bundled  together  with  controlled  spacings.  Ma  et 
al.  [5]  have  demonstrated  6x  fluorescence  enhancement  in  Au:CdS  composite  thin  films,  however  it  is  hard  to 
quantitatively  describe  the  interactions  with  randomly  distributed  CdS  nanocrystals  and  Au  nanoparticles. 
Controlled  samples  with  well-defined  spacings  between  the  SQDs  and  the  metal  nanoparticles  are  critical  for  this 
study. 


Arrays  of  SQDs  and  Au  nanoparticles  (nanospheres  for  linear  and  nanorods  for  nonlinear  experiments) 
were  built  to  obtain  controllable  samples.  First,  ~  5  nm  diameter  CdSe/ZnS  quantum  dots  (absorption  peak  522  nm) 
were  spin-coated  onto  a  glass  slide.  Next,  a  10  nm  spacer  layer  of  Si02  was  deposited  on  top  of  the  previous  layer 
using  evaporative  deposition.  Finally,  a  layer  of  gold  nanospheres  was  deposited  by  putting  a  droplet  of  Au 
nanospheres  in  ethanol  solution  on  the  desired  surface  and  evaporating  the  solvent  quickly.  Fig.  1  shows  an  SEM 
micrograph  of  such  a  deposited  layer  (50  nm  Au  nanospheres).  It  is  clear  that  the  gold  nanospheres  are  almost 
evenly  distributed  on  one  layer. 

The  samples  were  excited  with  the  second-harmonic  generation  (400  nm)  of  a  mode-locked  Ti-sapphire 
laser,  and  fluorescence  spectra  were  measured  using  a  y2-meter  monochromator  (CVI  Digikrom  480),  a 
photomultiplier  tube  (Hamamatsu  R928)  and  a  lock-in  amplifier  (Stanford  Research  Systems  SR830).  Fig.  2  shows 
fluorescence  spectra  of  the  SQDs  with  and  without  the  Au  nanosphere  layer.  An  approximately  two-fold  increase  in 
fluorescence  intensity  is  evident.  The  blue-shift  of  the  enhanced  fluorescence  spectrum  is  presumably  related  to  the 
resonant  plasmon  frequency  of  50  nm  Au  nanospheres  (~  520  nm).  Phase  fluorimetry  [6]  was  used  to  measure  the 
fluorescence  rates  in  order  to  verify  enhancement.  A  blue  (465  nm)  light- emitting  diode  (LED)  was  modulated  at 
frequencies  of  1-5  MHz,  and  the  phase  shift  between  the  modulated  excitation  light  and  the  resulting  fluorescence 
was  used  to  calculate  the  fluorescence  rate.  Preliminary  phase  fluorimetry  results  indicate  that  the  fluorescence  rate 
of  the  quantum  dots  increased  from  approximately  8-10^  s'^  to  approximately  13*10^  s'\  presumably  due  to 
increased  coupling  to  the  Au  nanospheres. 
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Fig.  1.  SEM  micrograph  of  a  50  nm  Au  nanoparticle 
layer  deposited  by  a  droplet  evaporation  method 


Fig.  2.  Linear  fluorescence  spectra  of  522  nm  CdSe/ZnS  SQDs 
with  and  without  50  nm  Au  nanoparticles,  there  is  a  10  nm 
spacer  layer  between  the  QDs  and  the  Au  nanospheres. 


A  mode-locked  Ti-sapphire  laser  (~  800  nm)  was  used  to  excite  the  samples  in  nonlinear  fluorescence 
studies.  Similar  samples  were  prepared  with  Au  nanorods  (plasmon  frequency  ~  750  nm,  25  nm  cross-section 
diameter)  to  match  the  excitation  wavelength  with  the  resonant  plasmon  frequency  of  the  Au  nanorods.  Preliminary 
results  have  shown  a  lOx  enhancement  of  fluorescence,  as  shown  in  Fig.  3.  Further  experiments  with  different  SQDs 
sizes  and  Si02  spacer  thicknesses  are  in  progress  to  investigate  the  factors  that  affect  such  linear  and  nonlinear 
processes  and  to  optimize  the  parameters  for  maximum  enhancement. 


Fig.  3.  Nonlinear  fluorescence  spectra  of  522  nm  CdSe/ZnS 
SQDs  with  and  without  Au  nanorods,  there  is  a  10  nm  spacer 
layer  between  the  QDs  and  the  Au  nanorods. 
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Appendix  C:  Surface  Plasmon  Assisted  Broadband  Emission 
from  Nanostructured  Metal-Insulator-Metal  Tunnel 

Junctions 
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Abstract:  We  report  the  observation  of  double-peaked  broadband  emission  from  nanostructured 
AI-AI2O3-AU  tunnel  junctions  at  high  applied  voltages.  We  argue  that  it  results  from  an  interaction 
with  surface  plasmons  excited  at  metal-air  interface. 
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1 .  Introduction 


An  enhanced  electron  tunneling  can  be  achieved  through  plasmon  excitation  in  tunnel  junctions  (TJs)  [1]  and  based 
on  this  light  emission  from  TJs  has  been  demonstrated  previously  [2-3].  Since  then  several  experimental  and 
theoretical  studies  have  been  done  to  explain  this  phenomenon  [4-7].  It  is  generally  agreed  that  the  emission  results 
from  coupling  between  surface  plasmon  (SP)  and  photon  at  the  metal-air  interface  through  surface  discontinuities. 

In  this  paper,  we  report  the  observation  of  comparatively  uniform  broadband  light  emission  with  spectrum 
extending  from  visible  (around  550nm)  to  near-IR  (around  850nm)  from  AI-AI2O3-AU  tunnel  junctions  fabricated  on 
gratings.  The  near-IR  emission  was  not  observed  from  junctions  fabricated  on  glass  slides  at  low  applied  voltages, 
but  appeared  when  the  applied  voltages  exceeded  4.1V. 


2.  Experiments 


Our  tunnel  junctions  are  prepared  by  thermal  evaporation  on  different  sublayers  including  microscope  glass  slides, 
MgF2  films  and  periodic  gratings.  The  MgF2  film  is  directly  deposited  onto  the  glass  slides  with  a  thickness  around 
200nm.  The  grating  has  a  period  of  800nm  and  amplitude  of  lOOnm.  Onto  the  sublayers  an  A1  film  is  deposited  as 
the  bottom  electrode  (cathode)  of  the  junction  and  the  thickness  is  usually  greater  than  lOOnm.  The  A1  layer  is  then 
thermally  oxidized  at  200°C  for  2  hours  and  covered  with  a  25-nm-thick  Au  film  as  the  top  electrode  (anode)  of  the 
junction. 

The  junction  has  an  area  around  4mm^  and  a  typical  resistance  about  2000  with  DC  applied  voltage  at  3.0V. 
The  oxide  layer  thickness  is  around  3.5nm  by  a  capacitance  fitting.  All  the  measurements  are  operated  at  room 
temperatures. 

During  the  measurements,  the  tunnel  junction  is  mounted  onto  a  translation  stage,  and  then  a  focusing  lens  is 
used  to  launch  the  emitted  light  into  the  monochromator,  which  is  then  connected  to  a  photomultiplier  tube.  A 
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photon  counting  system  is  employed  for  easier  measurements  and  the  signal  out  there  is  sent  into  eomputer  for 
reeords. 


3.  Results  and  Discussions 


Fig.  1  shows  emission  speetra  from  junetions  fabrieated  direetly  on  glass  slides  measured  at  voltages  varying  from 
3.9V  to  4.1V.  The  speetra  at  3.9V  and  4.0V  are  similar,  but  the  speetrum  obtained  at  4.1V  differs  from  the  previous 
two  with  mueh  higher  emission  intensity,  a  signifieantly  elevated  near-IR  peak  and  a  slight  wavelength  shift  of  the 
visible  emission  towards  longer  wavelengths.  Although  it  is  not  shown  here,  this  near-IR  emission  was  still  observed 
when  we  redueed  the  applied  voltage  from  4.1V  baek  to  3.9V,  whieh  indieates  that  some  permanent  ehanges  have 
been  made  on  the  deviee  strueture.  This  is  eonfirmed  by  studying  the  junetion  surfaees  with  an  optieal  mieroseope, 
as  shown  in  Fig.  3.  The  junetion  surfaee  before  measurements  is  mueh  smoother  than  after  the  measurements.  This 
roughened  surfaee  ean  explain  the  inereased  emission  intensity  that  is  related  to  the  surfaee  diffraetion  effieieney 
and  then  seales  proportionally  with  the  mean-square  surfaee  roughness  [6].  Meanwhile,  the  surfaee  mophology  has 
also  been  ehanged,  whieh  results  in  a  deerease  in  surfaee  eorrelation  length,  as  shown  in  Fig.  3.  Qualitatively 
speaking,  this  deerease  in  surfaee  eorrelation  length  leads  to  deereased  light  waveveetor  eoupled  from  surfaee 
plasmon,  whieh  eorresponds  to  the  near-IR  emission  not  seen  at  low  applied  voltages. 

Fig.  2  shows  the  eomparison  of  emission  speetra  from  tunnel  junctions  fabricated  on  a  smooth  glass  slide,  MgF2 
film  and  a  periodie  grating  (of  period  a  =  800nm  as  mentioned  earlier),  respeetively.  While  the  first  (on  glass  slide) 
is  measured  at  4.0V,  the  latter  two  are  measured  at  3.5V  and  still  exhibit  mueh  higher  emission  intensities.  Again 
this  should  result  from  the  differenee  in  surfaee  roughness  seales.  No  near-IR  emission  is  observed  from  junetions 
on  MgF2  beeause  no  appropriate  surfaee  diseontinuity  is  available  to  make  up  for  the  waveveetor  differenee  between 
SP  and  light  in  that  wavelength  range.  This  result  agrees  with  the  theoretieal  work  of  Laks  and  Mills  [7].  The 
emission  speetrum  from  the  junetion  fabrieated  on  a  periodie  grating  has  eomparable  visible  emission  intensity  to 
that  of  junetion  on  MgF2,  and  a  mueh  higher  emission  peak  in  near-IR  region.  There  is  little  chanee  that  this 
signifieantly  elevated  800nm  emission  peak  is  eaused  by  deeay  of  high-energy  photons,  sinee  sueh  near-IR  emission 
is  not  obviously  observed  from  junetion  fabrieated  on  MgF2  layer,  whieh  exhibits  at  least  eomparable  emission 
intensity  in  visible  range.  This  elevated  near-IR  emission  is  more  likely  the  result  of  near-IR  surfaee  plasmons  being 
seleetively  coupled  out  with  light  by  gratings  based  on  the  following  equation  (1),  where  a  is  the  grating  period;  n 
indieates  the  grating  order  and  can  be  different  natural  numbers;  0  is  the  angle  between  junetion  surfaee  and 
eouplied  light;  Ki  is  the  free  spaee  light  waveveetor  and  Ksp  is  the  surfaee  plasmon  waveveetor  exeited  by  AI-AI2O3- 
Au  junetions  [8].  The  ealeulation  shows  that  the  800nm  gratings  make  up  for  the  waveveetor  differenee  between 
free  spaee  light  and  Au  fast-mode  surfaee  plasmons.  It  should  be  noted  that  there  is  no  eontrol  on  the  direetion  of 
eoupled  light  and  our  measurements  are  not  for  a  speeifie  angle,  whieh  results  in  the  speetrum  extending  from 
550nm  to  850nm. 


K,smd  =  K^^ 


(1) 
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Fig.  1:  Emission  spectra  from  the  tunnel  junction  fabricated 
on  a  glass  slide  with  different  DC  annlied  voltages 


Fig. 2:  Emission  spectra  from  tunnel  junctions  fabricated 
on  glass  slide,  MgF2  and  grating  respectively 


Fig.  3:  Images  of  junction  surface  (a)  before  and  (b)  after  spectral  measurement 


Also  it  is  noticed  that  the  original  speetmm  shifts  to  lower  energy  when  the  near-IR  emission  appears.  The 
meehnism  is  not  yet  totally  understood,  but  this  might  be  related  to  the  inerease  of  surfaee  roughness  [5]. 

The  deviee  ean  work  stably  at  3.5V  for  one  hour  under  room  temperature,  but  breaks  down  mueh  more  easily 
when  applied  voltage  is  inereased  above  4V,  most  likely  due  to  the  dieleetrie  breakdown  that  oeeurs  when  the 
eleetrie  field  exeeeds  10^  V/m  in  aluminum  oxide  [9]. 


4.  Future  Work 


Based  on  the  aehieved  broadband  emission,  we  would  like  to  next  improve  the  emision  effieieney  by  introdueing 
quantum  dots.  Previous  results  shown  that  the  tunnel  junetion  is  a  eompaet  yet  effieient  hot  eleetron  generator,  and 
these  hot  eleetrons  ean  be  used  to  exeite  quantum  dots  effieiently  provided  that  their  kinetie  energies  are  three  times 
or  higher  of  the  band-gap  energy  [10].  This  will  require  a  more  reliable  oxide  layer  that  ean  withstand  an  applied 
voltage  around  lOV.  Then  a  metal-insulator-semieonduetor  tunneling  strueture  might  be  employed  instead  of  metal- 
insulator-metal  struetures,  where  the  quantum  dots  ean  be  embedded  into  the  semieonduetor  layer  and  the  oxide 
layer  will  behave  not  only  as  a  barrier,  but  also  a  spaeer  between  metal  and  quantum  dots  to  avoid  quenehing. 
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With  quantum  dots  introduced,  we  will  expeet  two  meehanisms  that  will  eontribute  to  the  light  emission: 
surfaee  plasmon  assisted  emission  and  direet  radiative  reeombination.  When  eleetrons  tunnel  into  the  semieonduetor 
layer,  the  quantum  dots  will  be  exeited,  and  the  exeitons  ean  deeay  radiatively  or  nonradiatively  [11].  The  radiative 
deeay  will  lead  to  the  direet  emission,  while  part  of  the  nonradiative  deeay  will  be  into  surfaee  plasmon  and  ean  be 
exploited  to  generate  a  seeond  emission  provided  that  surfaee  roughness  is  available  to  make  up  for  the  waveveetor 
differenee.  The  estimated  effieieney  is  at  least  one  order  of  magnitude  higher  than  that  without  quantum  dots. 
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Abstract:  Sol-gel  films  containing  CdSe  quantum  dots  are  promising  materials 
for  nonlinear  optical  waveguide  devices.  We  describe  quantitative  measurements 
of  the  two-photon  absorption  (TP A)  coefficient  at  820  run  in  such  films,  as  well 
as  the  spectral  dependence  of  TPA-induced  fluorescence  over  the  730-980  nm 
wavelength  range. 
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1.  Introduction 

Semiconductor  quantum  dots  have  emerged  as  important  materials  for  several 
optoelectronic  devices,  notably  lasers  and  amplifiers,  and  also  appear  to  have  significant 
potential  for  nonlinear  optical  waveguide  devices,  both  for  all-optical  switching  (via  both  Kerr 
and  TPA  effects)  applications,  and  for  optoelectronic  demultiplexer-type  switches.  In  this  regard, 
sol-gel  films  embedded  with  quantum  dots  are  particularly  promising  because  of  the  relative 
simplicity  of  their  fabrication,  and  the  relatively  widespread  availability  of  CdSe  quantum  dots  of 
varying  dot  diameters  (in  colloidal  suspensions),  commercially  and  otherwise,  as  relatively 
simple  “starter”  materials  for  waveguide  devices  based  on  such  films.  In  this  presentation,  we 
describe  quantitative  measurements  of  the  two-photon  absorption  (TPA)  coefficient  at  820  nm  in 
such  films,  as  well  as  the  spectral  dependence  of  TPA-induced  fluorescence  over  the  730-980  nm 
wavelength  range. 

The  phenomenon  of  TPA  in  bulk  semiconductor  materials  is  generally  quite  well 
understood  [1-3].  Measured  values  of  the  TPA  coefficients  in  bulk  semiconductor  materials  are 
also  in  good  agreement  with  theory.  In  low-dimensionality  systems,  such  as  nanocrystals, 
quantum  size  effects  drastically  change  the  electronic  energy  spectra,  and  significant 
enhancements  are  expected  in  the  value  of  the  TPA  coefficients  [4]  at  appropriate  resonant 
wavelengths.  Furthermore,  studies  of  the  TPA  spectra  are  of  significant  interest,  since  they  add 
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valuable  complementary  information  to  information  obtained  via  simple  linear  absorption 
spectroscopy  [5].  Moreover,  low-dimensional  QD  structures  are  very  promising  for  improving 
the  sensitivity  of  photoconductive  TPA-based  photodetection  devices  [6-9]. 

2.  Experiments  and  Discussion 

CdSe/ZnS  core-shell  QDs  (of  dot  diameters  =  1.9  nm,  and  size  variation  of  less  than  5  %) 
were  embedded  in  a  commercial  UV  curable  sol-gel  resin  and  deposited  in  a  film  of  thickness  = 
126  pm.  The  concentration  of  the  core  QDs  (by  weight)  was  approximately  3%.  The  peak 
wavelength  of  the  photoluminescence  spectrum  was  at  486  nm,  with  a  full-width-half-maximum 
(FWHM)  of  37  nm,  and  the  peak  of  the  linear  absorption  was  at  462  nm. 


3.1  Measurement  of  TPA  Coefficients 

The  TPA  coefficients  were  measured  at  820  nm  via  inverse  transmission  measurements, 
using  a  mode-locked  TiiSapphire  laser  (of  100  fs  pulse  duration)  with  a  repetition  rate  of  76 
MHz  and  an  average  power  of  500  mW.  A  lens  of  5  cm  focal  length  was  used  to  focus  the  laser 
beam  onto  the  sol-gel  film. 

The  measured  inverse  transmission  curve  is  shown  in  Fig.  1.  From  a  linear  fit  of  the 
measured  data,  we  estimate  a  linear  absorption  coefficient  of  ao=1.78  cm  *  and  a  TPA  coefficient 
P  =8.78  cm/GW  with  a  <5%  fitting  error.  Under  the  same  conditions,  a  ZnSe  bulk  crystal  — 
measured  as  a  reference  sample  -  yielded  values  of  ao=2.45  cm  *  and  P  =3.97  cm/GW  for  the 
linear  and  TPA  absorption  coefficients.  These  measurements  of  the  ZnSe  reference  material  are 
reasonably  close  to  published  values  of  P  (5.5  cm/GW  at  532  nm,  corresponding  to  4.05  cm/GW 
at  820  nm)  for  ZnSe  bulk  crystals  [3].  Considering  the  3%  core  weight  percentage  of  the 
quantum  dot  composition  of  our  sol-gel  films,  the  measured  value  of  P  of  8.78  cm/GW  is  quite 
high,  indicating  the  potential  of  such  quantum  dots  for  enhanced  sensitivity  TPA  devices  (by 
increasing  the  QD  density  or  weight  %). 

3.2  Fluorescence  Measurements 

TPA-induced  fluorescence  was  measured  while  tuning  the  TiiSapphire  laser  between  the 
wavelengths  of  730  nm  and  980  nm.  A  photomultiplier  tube  (PMT)  was  used  to  detect  the 
integrated  fluorescence  signal.  The  fluorescence  signal  vs.  incident  intensity  was  measured  at 
several  pump  wavelengths,  and  a  quadratic  relationship  between  the  fluorescence  signal  and  the 
incident  power  was  verified,  proving  that  the  fluorescence  was  induced  by  TPA. 

As  seen  in  Fig.  2,  the  integrated  fluorescence  shows  a  peak  at  an  excitation  wavelength  of 
~800  nm.  The  insert  shows  the  anticipated  TPA  coefficient  in  a  CdSe-like  bulk  crystal  whose 
bandgap  is  modified  to  2.68  eV  to  correspond  to  that  of  the  CdSe  QDs  used  in  our  studies.  The 
simulated  TPA  coefficient  shows  a  peak  at  ~650nm  and  a  FWHM  of  over  500  nm,  differing 
significantly  from  the  peak  location  of  800nm  and  FWHM  of  less  than  100  nm  observed  in  our 
studies.  Although  some  of  the  peak  shift  and  bandwidth  reduction  is  partly  attributable  to 
reabsorption  effects,  we  expect  these  contributions  to  be  negligible;  as  such,  these  results  clearly 
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point  to  significant  differences  in  the  TPA  behaviour  between  quantum-confined  structures  and 
bulk  crystals.  In  reality,  a  narrower  excitation  spectrum  is  expected  from  simple  theoretical 
considerations.  The  observed  width  of  100  nm  is  not  yet  fully  understood,  and  may  be 
attributable  to  a  broader  size  distribution  than  specified  for  our  QDs.  This  issue  is  being  currently 
investigated. 


Input  Power  Density  (GW/cm^) 


Fig.l:  Inverse  transmission 

measurement  at  820  nm  of  a  126 
micron  thick  sol-gel  film  containing 
CdSe  quantum  dots  (3  %  weight 
content)  of  1.8  nm  diameter. 
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Fig.  2:  TPA  excitation  spectrum  of  the  CdSe  QDs, 
obtained  by  plotting  the  integrated  fluorescence 
as  a  function  of  the  incident  “pump”  wavelength. 
The  insert  shows  the  anticipated  spectral 
dependence  of  the  TPA  coefficient  for  a  “CdSe- 
like”  bulk  crystal . 
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3.  Conclusions 


Measurements  of  the  TPA  eoeffieient  and  TPA-indueed  fluoreseenee  of  CdSe  quantum 
dots  in  sol-gel  films  indieate  the  promise  of  these  materials  for  future  TPA  deviees,  and  show 
enhaneements  in  the  TPA  eoeffieients  and  ehanges  in  speetral  eharaeteristies  eompared  to  their 
bulk  eounterparts. 
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Abstract:  This  presentation  deseribes  the  design  of  novel  plasmonie  quantum  dots  for  nonlinear 
applieations,  ineluding  labels  for  TP AF -based  biomedieal  imaging,  with  projeeted  fluorescenee 
intensities  >1000X  higher  than  eurrently-used  fluoreseent  labels. 

OCIS  codes:  (170.6280)  Spectroscopy,  fluorescence  and  luminescence;  (240.6680)  Surface  plasmons 

1.  Introduction 

Two-photon  absorption  fluorescence  (TPAF)  has  been  demonstrated  as  a  powerful  tool  for  bio-imaging  applications, 
particularly  for  deep-tissue  imaging  applications  [1,  2].  TPAF  is  advantageous  for  biomedical  applications  due  to 
the  use  of  wavelengths  in  the  tissue  optical  window  of  600-1 3  OOnm.  However  the  weak  fluorescence  signals  from 
many  fluorophores  impose  significant  limitations  to  the  maximum  depths  (usually  around  several  hundred  microns) 
that  can  be  imaged  with  reasonable  signal-to-noise  ratios,  for  studies  such  as  individual  molecule  labeling  and 
tracking  in  intravital  studies.  Also  they  frequently  contain  the  toxic  element  cadmium  which  limits  their  medical  use. 

During  the  last  decade,  semiconductor  quantum  dots  (QDs)  have  attracted  significant  attention  as  fluorescent  labels 
due  to  their  significant  advantages  over  other  fluorophores:  (a)  broad  absorption  spectra  and  more  readily  tunable 
emission  options  (b)  high  quantum  yields,  (c)  relatively  high  photochemical  stability,  and  (d)  relatively  large  two- 
photon  absorption  cross  sections.  Photodynamic  therapy  [4]  is  another  biomedical  application  of  TPAF  where  the 
photon  generated  by  two  photon  upconversion  is  used  to  generate  cytotoxic  reactive  oxygen  species  (ROS)  in  cancer 
tissue.  Focusing  the  NIR  light  in  the  cancer  tissue  results  in  its  selective  destruction  by  the  ROS.  Targeting  of  the 
QDs  to  a  desired  tissue  is  acheived  by  functionalizing  them  with  biomolecules  causing  increased  accumulation  in 
the  target  tissue  which  can  improve  their  absorption  for  photodynamic  therapy  or  enhance  their  brightness  for 
imaging  .  We  analyze  the  structure  —  shown  schematically  in  Fig.  1  —  consisting  of  a  QD  enclosed  in  a  layer  of 
silica  enclosed  in  a  thin  shell  of  gold.  This  should  eliminate  the  toxicity  of  the  QD  and  as  we  show  enhance  the 
brightness  of  the  QD.  There  has  been  a  long-standing  need  for  high-brightness,  nonphotobleaching,  and  nontoxic 
fluorophores;  a  promising  solution  to  this  need  —  such  as  that  described  here  —  is  expected  to  revolutionize  the 
implementation  of  TPAF  in  numerous  medical  research  and  clinical  applications. 

2.  Related  Work 

Nevertheless,  due  to  the  stringent  demands  of  numerous  imaging  applications,  there  have  been  numerous  attempts  to 
improve  the  brightness  of  QDs,  including  the  use  of  surface-plasmon  enhancement  techniques  [5]  and  the 
fabrication  of  complex  SQD  -  gold  nanoparticles  assemblies  for  this  purpose.  Enderlein[5]  used  vector  spherical 
harmonic  (VSH)  analysis  for  a  Si02/Ag  core/shell  structure  and  shows  maximum  enhancement  on  the  order  of  17 
for  a  single  shell  thickness  of  5  nm  in  a  plot  of  wavelengths  vs  core  radii.  The  range  of  core/shell  sizes  for  maximum 
enhancement  was  not  considered. 

In  this  presentation  we  describe  the  design  of  novel  plasmonic  nanostructures  in  which  the  two-photon 
absorption-induced  fluorescence  signals  are  expected  to  be  over  2  orders  of  magnitude  higher  than  those  from 
optimally-chosen  CdSe  SQDs,  while  mitigating  the  problems  associated  with  toxicity  of  those  SQDs. 

3.  Results 
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The  proposed  high-brightness  light  emitters  eonsist  of  one  or  more  QDs  enelosed  in  an  appropriate  gold  nanoshell, 
as  shown  sehematieally  in  Figure  1  (for  the  ease  of  a  single  eoneentrie  QD  strueture),  with  an  insulating  layer 
between  the  QDs  and  the  gold  nanoshell  to  minimize  nonradiative  deeay.  To  determine  the  field  enhaneement  we 
used  VSH  for  full  EM  analysis  [6].  The  model  assumes  nanopartieles  that  eontain  a  CdSe  eore,  a  Si02  layer,  a  gold 
layer  and  that  the  nanopartiele  is  surrounded  by  water/  aqueous  tissue  as  is  usual  in  bio-imaging  applieations.  A 
6nm  QD  was  used  in  the  model  whieh  has  a  fluoreseent  wavelength  of  610nm.  An  exeitation  wavelength  of  800  nm 
was  ehosen  sinee  it  ean  be  used  for  two  photon  exeitation  of  the  QD.  Using  VSH  we  show  two  novel  behaviors  of 
the  eleetromagnetie  field  inside  the  nanoshell  for  use  in  TPAF.  First  we  show  that  the  maximum  field  enhaneement 


0SQD 

Insulating  layer 
Gold  nanoshell 

Fig.  1.  Cross  section  of  the  SQD  -  gold  nanoshell  structure  for  high¬ 
brightness  nanoparticles  for  imaging  applications 
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Fig.  2. Electric  field  enhancement  for  a  23nm  silica  core  with  3nm 
gold  shell  and  800  nm  wavelength 
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Fig.  3.  Field  enhancement  at  center  of  Si02/Au  core/shell 
nanoparticle. 
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Fig.  4.  Field  enhancement  at  center  of  QD/Si02/Au 
core/shell/shell  nanoparticle. 


structures  and  second  that  the  field  enhaneement  in  a  QD/Si02/Au  (QSA)  eore/shell/shell  structure  has  deereased 
field  enhaneement  in  the  QD  eompared  to  the  field  enhancement  at  the  eenter  of  a  SA  nanoparticle.  Furthermore  we 
observe  a  large  enhancement  of  the  field  around  the  QD  whieh  is  even  larger  than  the  enhaneement  in  the  partiele 
with  no  QD.  This  may  be  important  for  TPAF.  Figure  3  shows  the  field  enhaneement  at  the  center  of  an  SA  partiele 
with  various  radii  and  thieknesses.  The  decreased  maximum  enhaneement  for  larger  core  radii  when  using  VSH 
doesn't  appear  when  using  the  quasistatie  model.  Figure  4  shows  the  enhaneement  at  the  eenter  of  the  QSA  particle. 
It  is  elear  that  the  enhancement  is  approximately  half  of  the  corresponding  values  for  the  SA  partiele.  However  as 
seen  in  the  spatial  plot  of  figure  2,  the  field  enhancement  elose  to  the  QD  in  the  QSA  strueture  reaches  a  value  of  18 
whieh  is  higher  than  the  enhaneement  at  the  center  of  the  SA  partiele  of  the  same  size. 

The  previous  analysis  is  based  on  bulk  values  for  the  gold  dieleetric  constant  (  -24.2,  1.46).  In  Fig.  5  we  show  the 
field  enhaneement  for  various  eore  sizes  using  the  dielectrie  constants  at  a  wavelength  of  800  nm  for  shell 
thieknesses  shown  in  the  legend. 
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Fig.  5.  field  enhancement  for  shell  thicknesses  shown  in  legend 

If  the  size  dependent  effeet  on  the  gold  dieleetrie  is  elose  to  the  values  obtained  by  [8]  there  will  be  very  little 
field  enhaneement.  However  if  the  shells  ean  be  fabrieated  with  a  dieleetrie  eonstant  elose  to  that  of  bulk  gold  then 
struetures  with  an  outer  radius  of  23  nm  and  shell  thieknesses  of  3  nm  are  expeeted  to  enable  a  TPAF  signal 
enhaneement  of  >2400  with  fabrieation  toleranees  that  should  be  readily  aehievable  by  eurrent  ehemieal  fabrieation 
teehniques  [4].  Smaller  eore  and  thinner  shell  nanopartiele  are  expeeted  to  lead  to  larger  TPAF  signal  enhaneements 
but  may  be  mueh  more  diffieult  to  fabrieate.  We  will  diseuss  sueh  issues  in  detail  in  our  talk,  along  with  the  most 
exeiting  biologieal  imaging  applieations  foreseen  for  sueh  ultrabright  TPAF  fluorophores  in  the  foreseeable  future. 
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Abstract;  We  report  the  observation  of  near-IR  emission  from  AI-AIOx-Au  tunnel  junctions  and  a 
blurred-up  peak  at  high  applied  voltage.  We  argue  that  it  results  from  an  interaction  with  near-IR 
surface  plasmons. 

©2009  Optical  Society  of  America 

OCIS  codes:  (130.0250)  Optoelectronics;  (130.3060)  Infrared;  (240.0310)  Thin  films 


1 .  Introduction 


An  enhanced  electron  tunneling  can  be  achieved  through  plasmon  pumping  in  tunnel  junctions  (TJs)  [1]  and  based 
on  this  light  emission  from  TJs  was  achieved  [2].  Since  then  both  experimental  and  theoretical  works  have  been 
done  to  explain  this  phenomenon  [3-5].  It  is  generally  agreed  that  the  emission  results  from  coupling  between 
surface  plasmon  (SP)  and  photon  at  the  metal-air  interface  through  surface  discontinuities. 

In  this  paper,  we  report  the  observation  of  uniform  light  emission  with  spectrum  extending  from  visible  to  near- 
IR  region  around  850nm  from  Al-AlOx-Au  tunnel  junctions  fabricated  on  gratings.  Such  near-IR  emission  cannot  be 
observed  from  junctions  fabricated  on  glass  slide  at  low  applied  voltage,  but  will  emerge  when  applied  voltage  is 
increased  to  4.1V.  Also  it  is  noticed  that  the  near-IR  emission  is  usually  accompanied  by  a  spectrum  shift  towards 
longer  wavelength.  This  uniform  light  emission  may  find  application  for  broadband  continuum  light  sources  that 
require  a  large  emission  cone. 


2.  Experiments 


Our  tunnel  junctions  are  deposited  by  thermal  evaporation  onto  different  sublayers  including  microscope  glass 
slides,  MgF2  films  and  gratings.  The  MgF2  film  is  directly  deposited  onto  the  glass  slides  with  a  thickness  around 
200nm.  The  grating  has  a  period  of  800nm  and  amplitude  of  lOOnm.  An  Al  film  is  deposited  as  the  bottom 
electrode  of  the  junction  and  the  thickness  is  usually  grater  than  lOOnm.  The  Al  layer  is  then  thermally  oxidized 
and  covered  with  a  25-nm-thick  Au  film  as  the  top  electrode  of  the  junction. 

The  junction  has  an  area  around  5mm^  and  a  resistance  about  2000  with  DC  applied  voltage  at  3.0V.  The  oxide 
layer  thickness  is  around  3.5nm  by  a  capacitance  fitting.  All  the  measurements  are  operated  at  room  temperature. 


3.  Results 
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Fig.  1  shows  the  emissions  from  junctions  fabricated  directly  on  glass  slides  measured  with  increasing  applied 
voltages  from  3.9V  to  4.1V.  The  spectra  at  3.9V  and  4.0V  share  a  similar  shape,  but  the  spectrum  obtained  at  4.1V 
differs  from  the  previous  two  with  high  emission  intensity,  blurred-up  near-IR  emission  and  a  slight  shift  of  visible 
emission  peak.  This  near-IR  emission  is  still  observed  when  we  reduce  the  applied  voltage  from  4.1V  back  to  3.9V, 
which  indicates  that  some  permanent  changes  have  been  made  on  the  device  structure.  This  is  confirmed  by 
studying  the  junction  surface  with  an  optical  microscope,  as  shown  in  Fig.  3.  The  junction  surface  before 
measurements  is  much  smoother  than  after  the  measurements.  This  roughened  surface  can  explain  the  increased 
emission  intensity  that  is  related  to  the  surface  diffraction  efficiency  and  then  scales  proportionally  with  the  mean- 
square  surface  roughness  [6].  Also  the  distribution  of  the  surface  roughnees  has  also  been  changed,  which  will 
result  in  a  change  in  surface  correlation  length.  We  believe  that  the  near-IR  emission  emerges  as  a  result  of  this 
change. 

Fig.  2  shows  the  emission  from  junctions  fabricated  on  glass  slide,  MgF2  film  and  periodic  grating.  While  the 
first  is  measured  at  4.0V,  the  latter  two  are  measured  at  3.5V  and  still  exhibit  much  higher  emission  intensities. 
Again  this  should  result  from  the  difference  in  roughness  scale.  No  near-IR  emission  is  observed  from  junctions  on 
MgF2  because  no  approapriate  surface  discontinuity  is  available  to  make  up  for  the  wavevector  difference  between 
SP  and  light  in  that  wavelength  rang.  This  result  agrees  with  the  theoretical  work  of  Laks  and  Mills  [5].  The  emssion 
spectrum  from  the  junction  on  a  grating  has  comparable  visible  emission  intensity  to  that  of  junction  on  MgF2,  and 
a  much  higher  emission  in  near-IR  region.  There  is  little  chance  that  this  blurred-up  SOOnm  peak  is  caused  by  decay 
of  high-energy  photons.  It  is  more  likely  the  result  of  near-IR  surface  plasmons  being  selectively  coupled  out  with 
light  by  gratings  based  on  the  following  equation  (1),  where  a  is  the  grating  period,  Ki  is  the  free  space  light 
wavevector  and  Ksp  is  the  surface  plasmon  wavevector  excited  by  AI-AIOx-Au  junctions  [7].  The  calculation  shows 
that  the  SOOnm  gratings  make  up  for  the  wavevector  difference  between  free  space  light  and  Au  fast-mode  surface 
plasmons. 


a 


(1) 


Wavelength  (nm) 


Wavelength  (nm) 


Fig.  1:  Emission  spectra  from  the  tunnel  junction  fabricated 
on  a  glass  slide  with  different  DC  annlied  voltages 


Fig. 2:  Emission  spectra  from  tunnel  junctions  fabricated 
on  glass  slide,  MgF2  and  grating  respectively 
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Fig.  3:  Images  of  junction  surface  (a)  before  and  (b)  after  spectral  measurement 


Note  that  there  is  usually  a  speetrum  shift  to  lower  energy  when  near-IR  emission  emerges.  The  meehnism  is 
not  yet  totally  understood,  but  this  might  be  related  to  the  inerease  of  surfaee  roughness  [4].  Also  the  exaet  root 
mean  square  roughness  and  eorrelation  length  of  the  top  metal  surfaees  are  required  for  further  quantitative  analysis. 

The  device  can  work  stably  at  3.5V  for  one  hour  under  room  temperature,  but  breaks  down  much  more  easily 
when  applied  voltage  is  increased  above  4V.  This  should  be  associated  with  the  dielectric  breakdown  that  occurs 
when  electric  field  exceeds  lO^V/m  in  aluminum  oxide  [8]. 
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